1. Introduction {#sec1-materials-13-02712}
===============

Liquid--liquid interfaces play an important role in physical, chemical and biological sciences as they break inversion symmetry and promote the interfacial self-assembly of monolayers of surfactants, colloids and nanoparticles to reduce the interfacial energy \[[@B1-materials-13-02712]\]. Consequently, the interface can be effectively functionalized by the segregation of molecular surfactants \[[@B2-materials-13-02712],[@B3-materials-13-02712]\], polyelectrolytes \[[@B4-materials-13-02712],[@B5-materials-13-02712]\], biomaterials \[[@B6-materials-13-02712]\], liquid crystals \[[@B7-materials-13-02712],[@B8-materials-13-02712]\] and micro/nanoparticles \[[@B1-materials-13-02712],[@B9-materials-13-02712]\], to the interface endowing the interface with the inherent characteristics and functionalities of these materials. Provided the binding energy of the particles to the interface is sufficiently high, immiscible liquid phases can be emulsified and stabilized against coalescence, affording compartmentalization that enables mass or ion transport for drug delivery, or fluidic reactors \[[@B10-materials-13-02712],[@B11-materials-13-02712]\]. Depending on the inherent properties of the particles, the interfaces can be made responsive to magnetic \[[@B12-materials-13-02712],[@B13-materials-13-02712]\], optical \[[@B14-materials-13-02712],[@B15-materials-13-02712],[@B16-materials-13-02712]\], electric or mechanical fields, or chemical and biological stimuli \[[@B17-materials-13-02712],[@B18-materials-13-02712],[@B19-materials-13-02712]\].

In general, the binding energy of nanoparticles to an interface is, due to the particle size, insufficient to prevent the ejection from the interface upon mechanical compression, which causes the interfacial area and, therefore, the shape to relax to the equilibrium spherical geometry. A sufficiently large binding energy of the particles, be they soft or hard, can be achieved by increasing particle size or providing a Janus-type of heterogeneous surface functionality. In such cases, the monolayer assemblies can support an in-plane compressive load and are not ejected from the interface. For particles with a uniform size distribution, this compression leads to either a crystallization or vitrification of the 2D assemblies that arrests long-range motions of the particles \[[@B20-materials-13-02712],[@B21-materials-13-02712],[@B22-materials-13-02712],[@B23-materials-13-02712],[@B24-materials-13-02712]\]. When nanoparticles in one fluid phase interact with polymeric ligands in a second immiscible fluid phase, the ligands anchor to the surface of the particle exposed to the ligand solution, forming nanoparticle surfactants where the binding energy of the nanoparticles to the interface is significantly enhanced. Consequently, fluid domains with shapes far different from spherical can be locked in by the jamming of the nanoparticles at the interface. During the system's attempt to reduce the interfacial area the areal density of the nanoparticle surfactants increases and a percolated pathway of nanoparticle surfactants forms that can bear the in-plane compressive load, arresting any further changes to the shape of the domains \[[@B25-materials-13-02712]\]. Hence, the liquids can be structured. The interfacial assemblies of the nanoparticle surfactants provide means to manipulate both shape and locomotion of the confined droplet.

Recently, it was shown that the jammed interfacial assembly of superparamagnetic nanoparticles, encapsulating a fluid dispersion of superparamagnetic nanoparticles, transforms the original ferrofluid \[[@B26-materials-13-02712]\] into a ferromagnetic liquid droplet \[[@B13-materials-13-02712]\]---a fully liquid system with solid-state ferromagnetic properties that can be reconfigured. The magnetic characteristics of these droplets allow for studying structural transitions of the assemblies, i.e., the transformation of the assemblies from a 2D liquid state into a 2D jammed glassy state, and enable us to explore spin glass materials at 2D curved liquid--liquid interfaces. This perspective gives a brief overview of recent progress in generating and characterizing structured liquids and discusses future directions, challenges and application potentials of ferromagnetic liquids.

2. Structuring Liquids {#sec2-materials-13-02712}
======================

Hard colloidal suspensions exhibit a concentration dependent vitrification at which the dispersion reaches a state where the volume density of the dispersed particles is sufficiently high to retard the long-range movement of single particles \[[@B20-materials-13-02712],[@B21-materials-13-02712],[@B22-materials-13-02712],[@B23-materials-13-02712],[@B24-materials-13-02712]\]. If the densification process is done rapidly, the dispersion can densely pack into a disordered state, i.e., structural glass, where the relaxation times of the particles is much longer than the observation time. Such vitrified systems have long relaxation times and will densify or age with time. This is the classic behavior of glassy materials. However, if, during the densification, a percolated pathway is formed by the particles that can support a load, the dispersion will jam and further volume relaxations are arrested. Particles that are not jammed can still exhibit short-range motions, but the entire dispersion is locked in volume. Sand piles, tectonic plates, hour glasses, grain silos and granular matter, in general, exhibit such behavior. A similar behavior is seen in 2D assemblies of particles at interfaces where the interfacial jamming of particles can arrest the change in shape of a fluid, since the system attempts to minimize the interfacial area, analogous to volume in 3D systems \[[@B25-materials-13-02712]\]. Bicontinuous jammed emulsions or "bijels", a concept introduced by Cates and Clegg, is one example where the assembly of particles at the interface between two fluids undergoing spinodal phase separation can lock in a bicontinuous morphology as the systems attempts to reduce the interfacial area \[[@B22-materials-13-02712]\].

Generally, nanoparticles functionalized with a uniform coverage of ligands to disperse the nanoparticles in a liquid, will segregate to the interface with a second immiscible liquid to reduce the interfacial energy, regardless of the nanoparticle size and shape. The assemblies are dynamic, i.e., nanoparticles can adsorb and desorb from the interface. For instance, liquids, which are driven away from their spherical equilibrium shape by an external field, will upon removal of the field, eject nanoparticles from the interface until a spherical shape of the liquid phase is attained, since the binding energy holding the nanoparticles to the interface is, due to their size, insufficient to support an aspherical shape. We found that a uniform functionalization of nanoparticles dispersed in one liquid and placed in contact with a second immiscible liquid containing ligands with a complementary functionality, enables the formation of nanoparticle surfactants at the interface by anchoring ligands to the nanoparticles. The number of ligands that attach to the nanoparticles is self-regulated to minimize the interfacial energy per particle. This behavior was discovered by Cui et al. using silica particles, functionalized with carboxylic acid groups in water and brought in contact with a silicon oil solution with polystyrene ligands; the electrostatic interactions between the ligands and the nanoparticles led to the nanoparticle surfactants. When an electric field was placed across the droplet, the dielectric constant difference between water and oil deformed the spherical droplet into an ellipsoid that, upon removal of the electric field retained its shape, owing to the jamming of monolayer nanoparticle surfactants at the interface \[[@B18-materials-13-02712]\].

The application of an external electric or shear field to the fluid phases breaks the jamming of the nanoparticle surfactants and enables the reshaping of liquids; more nanoparticle surfactants form and assemble at the interface, thereby locking in a different shape of the liquids. This process can be repeated to arbitrarily structure the liquids. In other words, we have a situation where liquids retain all of their liquids characteristics but can be shaped like a solid. This approach has been generalized to 3D printing of one liquid in another, molding of one liquid in another, fabricating 2D and 3D microfluidic devices and encapsulated reactor systems, having applications in liquid microfluidics, liquid reactors, all-liquid tissue engineering and liquid biomimetic devices. The formation and assembly of nanoparticle surfactants at the interface of an aqueous phase being jetted into an oil reduces the interfacial energy and, hence, suppresses the Plateau--Rayleigh instability enabling 3D printing of one liquid phase in another ([Figure 1](#materials-13-02712-f001){ref-type="fig"}a,b) \[[@B27-materials-13-02712],[@B28-materials-13-02712]\]. The combination of particle jamming and self-healing of existent structures upon penetration with a needle to inject the fluid provides means to synthesize branched structures with T-junctions, interlocked tubules and other complex, interconnected liquid assemblies and devices \[[@B29-materials-13-02712]\]. Polyelectrolyte surfactants, such as sodium carboxymethyl cellulose surfactant, dissolved in water, have been used to print spiral structures in toluene \[[@B5-materials-13-02712]\]; granular gels afford a means to devise hierarchical constructs ([Figure 1](#materials-13-02712-f001){ref-type="fig"}c) \[[@B30-materials-13-02712]\]. Liquid molding based on highly interfacial active CNC-surfactants were used to produce a range of different geometries of aqueous phases in an oil phase ([Figure 1](#materials-13-02712-f001){ref-type="fig"}d) \[[@B6-materials-13-02712],[@B31-materials-13-02712]\]. Low viscosity liquids enable the rapid fabrication of liquid constructs with complex interconnected structures. Molded channels have been employed for selective mass transportation based on modifying the walls with cationic or anionic molecules, enzymes and colloidal nanocrystal catalysts \[[@B11-materials-13-02712]\]. A multi-responsive structured liquid system can be used to dynamically control droplet reactors \[[@B10-materials-13-02712]\]. It should be noted that the interfacial formation and jamming of the nanoparticle surfactants is not constrained to oil/water systems, aqueous/aqueous and oil/oil systems are possible ([Figure 1](#materials-13-02712-f001){ref-type="fig"}e) \[[@B4-materials-13-02712],[@B32-materials-13-02712]\].

Consider now a ferrofluid consisting of 20 nm-sized iron oxide (Fe${}_{3}$O${}_{4}$) nanoparticles functionalized with carboxylic acid groups dispersed in water. When a droplet of this ferrofluid is placed in an oil phase, the inherent negative charge at the oil/water interface prevents the negatively charged iron oxide nanoparticles from assembling at the interface. In the presence of a strong magnet, the aqueous phase will assume a shape with pronounced spikes, due to a balance between the magnetic force acting on the particles and the interfacial energy. Dissolving polymeric ligands with a complementary amine-group functionality in the oil phase causes monolayers of ligand surfactants at the oil/water interface. The functionalized nanoparticles will diffuse to the interface, interact with the ligands and form magnetic nanoparticle surfactants. Similar to the non-magnetic particles, the binding energy per particle can be tuned by pH to promote the formation of a shell of jammed magnetic nanoparticles at the interface which encapsulates the aqueous dispersion of the nanoparticles ([Figure 2](#materials-13-02712-f002){ref-type="fig"}a). Surprisingly, upon application of an external magnetic field, the ferrofluid droplet transforms into a ferromagnetic liquid droplet. The magnetic moment and magnetic anisotropy originate from the dipole coupling among disordered nanoparticle surfactants. If the assembly of the superparamagnetic nanoparticles are unjammed, the droplet reverts to a ferrofluid ([Figure 2](#materials-13-02712-f002){ref-type="fig"}c).

The wide use of magnetic nanoparticles in biomedical research, in vivo targeted drug delivery, magnetic hyperthermia, radiological contrast agents for imaging and biomolecular separations, to name a few, stimulated the synthesis of magnetic nanoparticles with a large range of sizes and shapes, including cubes \[[@B33-materials-13-02712]\], rings \[[@B34-materials-13-02712]\] and wires \[[@B35-materials-13-02712]\] ([Figure 3](#materials-13-02712-f003){ref-type="fig"}a). This provides a large variety of materials to tailor their interfacial behavior. Of the three different classes of magnetic nanoparticles, metal oxide (iron oxide), metal (nickel) and metal alloy (iron-platinum, cobalt-platinum), metal oxides and alloys are generally stable in dispersed solutions which is essential to construct ferromagnetic liquids. These particles are typically synthesized by chemical deposition \[[@B36-materials-13-02712]\] like alkaline solution precipitation, thermal decomposition, microwave heating methods, sono-chemical and electro-physical techniques \[[@B37-materials-13-02712]\], and spray pyrolysis \[[@B38-materials-13-02712]\]. The challenge with synthesizing nanoparticles is to provide monodisperse, water-soluble magnetic nanoparticles, such as oleic acid-stabilized magnetic nanocrystals, through e.g., seeded mediated growth. The stabilizing peripheral ligands on the nanoparticle surface can be replaced by ligand exchange reactions with capping agents bearing reactive hydroxyl moieties ([Figure 3](#materials-13-02712-f003){ref-type="fig"}b) \[[@B39-materials-13-02712]\]. The hydroxyl groups initiate ring opening polymerization (ROP) of polylactic acid and esterify by acylation to permit the addition of alkyl halide moieties and initiate the atom transfer radical polymerization (ATRP). Finally, the monodisperse magnetic nanoparticles are coated by a stabilizing polymer, such as polylactide (PLA), polyethylene glycol (PEG), poly(styrenesulfonate) (PSS), polyacrylic acid (PAA) and poly(N-isopropylacrylamide) (PNIPAM).

3. Magnetism of Ferromagnetic Liquids {#sec3-materials-13-02712}
=====================================

The magnetic properties of ferromagnetic liquids are governed by the jammed interface comprised of millions of nanoparticles with slightly different size and shape. Each nanoparticle is uniformly magnetized and resembles a macro spin. The net magnetic moment of isolated specimens vanishes at remanence owing to thermal spin fluctuations in the form of a random rotation or flipping of the macro spin. This is because shape and magneto-crystalline anisotropy are insufficient to establish a large energy barrier necessary for stable room-temperature configurations. Dispersed nanoparticles possess additional translational and rotational degrees of freedom triggered by Brownian motion (thermal excitation), magnetic field (torque) or field gradients (initial torque and translation). Individual superparamagnetic nanoparticles become ferromagnetic due to magnetic stray field interactions when separated by a few nanometers, similar to planar nanodisks \[[@B40-materials-13-02712]\]. This condition is only satisfied by jamming nanoparticles at the liquid--liquid interface since aggregation in the dispersion is hindered by charged ligands ([Figure 2](#materials-13-02712-f002){ref-type="fig"}b,c) \[[@B13-materials-13-02712]\]. The magnetization configuration, coercive fields and magnetic stability of the nanoparticle surfactants depend on the assembly's short-range order and magnetic dipole coupling, and are, for $\mathsf{\mu}$L and nL volumes due to magnetic short-range ordering, independent of droplet shape and size. Additionally, the spatial confinement of thermally stable macro spins to the liquid--liquid interface results in a small in-surface anisotropy and a resemblance of dipolar spin systems with XY or spin glass character. In contrast to conventional dipolar spin systems, such as 2D planar artificial spin ice structures \[[@B41-materials-13-02712]\], the present systems are defined on 2D curved and closed surfaces that can be controlled by chemical means.

This qualitative understanding, reported in Reference \[[@B13-materials-13-02712]\], gives a first insight into the magnetism of ferromagnetic liquids based on jamming nanoparticles. However, the close relation between structural order and magnetic properties calls for a quantitative exploration of the physical mechanisms to address small nuances, improve synthesis capabilities and realize aspiring liquid magnetic robotics. Even ideal spherical nanoparticles (isotropic macro spins), rather than the more realistic aspherical nanoparticles, show a high affinity toward structural disorder of coercive field, saturation field, magnetic moment and magnetization configuration. These aspects can be examined by modeling dipole-coupled macro-spin systems confined to a spherical shell ([Figure 4](#materials-13-02712-f004){ref-type="fig"}). The combination of structural short-range order and geometric frustration manifests a magnetic short-range order that becomes obvious, particularly near remanence, in the form of vortex nucleation along the equator and at the poles when applying an external magnetic field ([Figure 4](#materials-13-02712-f004){ref-type="fig"}b). The normalized remanent magnetization and magnetic susceptibility $\frac{dM}{dH}$ are independent of the magnetic moment of individual nanoparticles, and depend on the short-range order and layer thickness of the jammed interface. The latter two define the in-surface magnetic anisotropy, reflected by easy plane and hard axis hysteresis loops ([Figure 4](#materials-13-02712-f004){ref-type="fig"}c), that, to a great extent, prevents at remanence magnetic dipole coupling between different layers in multilayer shells ([Figure 4](#materials-13-02712-f004){ref-type="fig"}e,f). In the presence of a magnetic field, multilayer nanoparticle surfactants are magnetically softer than monolayers.

Although nanoparticles and self-assemblies have been extensively studied for various reasons in the past, investigations of ferromagnetic liquids are challenging, as conclusions drawn from dried structures do not necessarily reflect the structural and magnetic properties of the liquid system. This is true for electron, x-ray and scanning probe microscopies to assess structural short-range ordering, and magnetometry and magnetic imaging to probe the magnetization configuration. Vibrating sample magnetometry was used to measure the magnetic hysteresis loops of the entire systems, and categorize ferromagnetic liquids (jamming) and ferrofluids (unjamming) ([Figure 2](#materials-13-02712-f002){ref-type="fig"}c). By these means, it was shown that the magnetic properties of $\mathsf{\mu}$L droplets do not depend on droplet shape and size \[[@B13-materials-13-02712]\]. This behavior is consistent with short-range correlations of macro spins at the jammed interface and a magnetic dipole-mediated synchronization between jammed and dispersed nanoparticles. A differentiation between easy plane and hard axis magnetization reversal to quantify coercive and saturation field can be given by locally probing the magnetic hysteresis loop with magneto-optical Kerr effect magnetometry.

A different perspective can be obtained from magnetic field-driven hydrodynamics experiments involving translation and rotation of ferromagnetic $\mathsf{\mu}$L liquid droplets. This approach is simple yet powerful and takes advantage of a frozen/locked magnetic moment to study the three different phases related to the formation of ferromagnetic liquids: migration of nanoparticles to the interface, jamming and equilibrium hydrodynamics of jammed interfaces. Tracking the angular frequency as a function of time and driving frequency of a rotating magnetic field, droplet shape or viscosity allows for retrieving information about the magnetic moment of the droplet ([Figure 5](#materials-13-02712-f005){ref-type="fig"}). Aside from an initial onset due to friction, a constant magnetic moment, i.e., jammed interface thickness, leads to a constant time-averaged angular frequency, which equals the driving frequency upon synchronized gyration ([Figure 5](#materials-13-02712-f005){ref-type="fig"}b). An insufficient torque (magnetic moment) causes a desynchronized rotation with regular clockwise and counterclockwise acceleration that significantly reduce the experimentally accessible, time-averaged angular frequency. Lowering friction, i.e., reducing droplet size or viscosity, or driving frequency can compensate for a low magnetic moment. In other words, a small driving frequency can lead to a faster rotation of the ferromagnetic liquid droplet. The nanoparticles migration to the interface results in a prolonged onset that is particularly prominent in solutions with high pH (enhanced electro-static shielding) or low particle concentration. A monotonically increasing angular frequency implies a growing magnetic moment that originates from a jammed surfactant layer beyond the commonly understood monolayer structure, i.e., bilayer and multilayer ([Figure 5](#materials-13-02712-f005){ref-type="fig"}c--e). Partial substitution of magnetic nanoparticles with non-magnetic specimens does not only lower the angular frequency, owing to a smaller magnetic moment, but also affects the temporal evolution which manifests in an increased or decreased time-averaged angular acceleration ([Figure 5](#materials-13-02712-f005){ref-type="fig"}c). The increased acceleration for low iron oxide particle concentrations is attributed to a preference of clustering of magnetic and non-magnetic nanoparticles during surfactant rearrangement, replacement and adsorption. This selection is driven by dipole attraction and enhances the magnetic moment. To date, it is unclear whether the formation of bilayers and multilayers is unique to ferromagnetic liquids due to magneto-static attraction or universal to jammed interfaces. Although mechanical properties, such as wrinkling and rigidity, of jammed interfaces of non-magnetic nanoparticles coincide with those expected for multilayers, experimental evidence can only be given by visualizing the spatial distribution of nanoparticles near the liquid--liquid interface with tomographic imaging harnessing x-rays or electrons, or neutron reflectometry.

4. Scientific Perspective {#sec4-materials-13-02712}
=========================

The magnetic functionalization of structured liquids is a milestone toward designing liquids with properties previously presumed to be unique to solid-state materials. In order to mature ferromagnetic liquids and realize their application potential for liquid robotics, targeted drug delivery, liquid optical components, functional microfluidic channels and liquid magnetic sensing, it is essential to adapt current state-of-the-art characterization techniques and synthesis approaches. We envision that scientific efforts will focus on the jamming process of nanoparticles at liquid--liquid interfaces, spin frustration and thermal spin fluctuations in 2D curved dipolar spin glass materials, and magnetization configurations in structured liquids with distinct shapes and various nanoparticles properties ([Figure 6](#materials-13-02712-f006){ref-type="fig"}).

To date, the characterization of magnetic properties has heavily been based on vibrating sample and magneto-optical Kerr effect magnetometry revealing integral and local information about the magnetic hysteresis loops. This approach can be used to distinguish jamming from unjamming states and to survey a large parameter space. The compatibility of Kerr magnetometry with micro- and nano-fluidics will enable swift studies of the influence of chemical, geometric and structural parameters on magnetic properties without changing the experimental setup. Magnetic field-driven hydrodynamics experiments of gyrating $\mathsf{\mu}$L droplets will complement these investigations by offering insight into the temporal evolution of jamming and the thickness of the magnetic interface. Current analytical approximations of the hydrodynamics need to be advanced to improve agreement with experimental data. Switching from micromagnetic to Monte Carlo simulations to properly treat finite temperature effects, such as thermal fluctuations, will resolve the discrepancy between numerical and experimental values for coercive and saturation fields, while simultaneously speeding up computations. The theoretical treatment of geometric spin frustration in spin glasses on 2D curved surfaces with different shapes and topologies will guide future experiments harnessing advanced x-ray and electron tools. This pertains in particular to a systematic study of spin liquid to spin glass phase transitions mediated by structural liquid to glass transformation as a function of temperature, short-range order, particle shape, magneto-crystalline anisotropy and magnetic moment, as well as of the magnetization reversal via homogeneous states, random spins or vortex and string nucleation.

The common theme of the aforementioned approaches is the inference of structural ordering of nanoparticles from magnetic properties. A significant step will be to probe structural and magnetic order on the tens of nanometer scale. This includes in particular spatial and temporal correlations of nanoparticles at liquid--liquid interfaces and corresponding macro spins on different time scales harnessing resonant coherent x-ray scattering \[[@B42-materials-13-02712]\] and small-angle neutron scattering and reflectometry \[[@B43-materials-13-02712]\], and visualization of stable jammed interfaces with microscopy and tomography \[[@B44-materials-13-02712],[@B45-materials-13-02712],[@B46-materials-13-02712],[@B47-materials-13-02712],[@B48-materials-13-02712]\]. The short attenuation length of soft x-rays and electrons limits experiments to thin bilayers of two liquids with similar density and few layers of nanoparticles, sandwiched between silicon nitride nano-membranes or graphene sheets. While electron holography with transmission electron microscopy stands out by a superior spatial resolution ($\mathsf{\Delta}x \sim 1$ nm), x-rays ($\mathsf{\Delta}x \sim 20$ nm) shine through an element specific contrast based on the x-ray magnetic circular dichroism effect. Additionally, electrons probe the in-plane components of the magnetic induction and x-rays the normal magnetization component. Thicker films and even entire liquid droplets can be examined with hard x-rays and polarized neutrons. The larger penetration depth is related to a weaker attenuation/absorption, which requires a substantially longer data acquisition. In contrast to direct imaging with conventional microscopy, scattering-based characterization probes spatial and temporal correlations, and allows for studying systems whose structural and magnetic properties vary with time. The latter is key to small-angle neutron scattering and reflectometry that typically averages over an area of 1 cm${}^{2}$ and provides information about the depth profile of structural short-range order and, in combination with spin-polarized neutrons, the magnetization configuration. Since the structural short-range order and density of nanoparticle surfactant layers are expected to vary only slightly within the interface, neutron scattering and reflectometry have great potential to reconstruct the depth profile with nanometer resolution from the averaged data recorded at varies incidence angles.

The jamming process requires a sufficient number of nanoparticles; before that, nanoparticles adsorb to, move along and detach from the liquid--liquid interface. Theoretically, insight into the assembly and jamming of nanoparticles at liquid--liquid interfaces can be obtained from molecular dynamics simulations. Knowledge about the short-range order of jammed nanoparticles is particularly crucial to micromagnetic and Monte Carlo simulations, which currently rely on stochastically distributed nanoparticle locations. Molecular dynamics will further reveal the impact of internal and external magnetic fields on the self-assembly of superparamagnetic nanoparticles, including means to tailor structural short-range order and magnetic properties of ferromagnetic liquids. Another critical aspect is the interplay between magnetic and non-magnetic nanoparticles during the assembly and jamming process, causing a possible clustering, which is essential to analytical studies and comparison with experiment. The time scales depend both on the age of the droplet and chemical/structural parameters. The current experimental capabilities of synchrotron facilities (minutes to seconds) will be pushed toward milli- and microseconds by diffraction-limited coherent synchrotrons, which are currently under development and scheduled to launch toward the end of this decade. Nano- to picoseconds time scales are accessible with free electron lasers. Access to the micro- and nanosecond time scale will allow for exploring early stages of adsorption and motion of nanoparticles at the interface, the evolution of structural and magnetic order and how they relate to each other, as well as spin frustration and fluctuations in weakly coupled macro spin systems. Understanding the mechanism and time scales of self-healing of droplets is essential to mechanical or field-induced deformation that appears to preserve the magnetic moment.

Similarly interesting is the question of self-assembly in the presence of a magnetic field, such as external fields and stray fields emanating from adjacent nanoparticles. Modifying the magnetic dipole coupling can be achieved by changing temperature, magnetic core diameter and non-magnetic shell thickness, or mixing non-magnetic and superparamagnetic particles. Aside from a preferential chain formation of adjacent nanoparticles along the direction of the external magnetic field, assembly and jamming of mixed phases in large magnetic fields will enable patterning and heterostructuring of nanoparticle surfactant layers whose surface normal is parallel to the field direction ([Figure 6](#materials-13-02712-f006){ref-type="fig"}). The formation of disordered labyrinths, 1D stripe domains and trigonal lattices is prominent for superparamagnetic nanoparticles with diameters of ≲10 nm that form only a ferromagnetic interface in the presence of an external magnetic field, similar to ferrofluids and solid-state thin films with perpendicular magnetic anisotropy \[[@B49-materials-13-02712]\]. A magnetic stray field favoring spatially dependent idle times of nanoparticles at the interfaces prior to jamming could allow for tailoring symmetry and periodicity of the magnetic nanoparticle surfactant layer. These nanopatterned interfaces possess distinct optical properties owing to different refractive indices that may serve as configurable birefringent, diffractive and even chiral materials.

The fundamental understanding of ferromagnetic liquids will facilitate printing of a large variety of complex, structured liquids with engineered structural and magnetic properties. This includes varying ligand functionalization and length to stabilize monolayers, bilayers, trilayers and multilayers of jammed interfaces at different liquid--liquid interfaces, including water/oil, oil/oil, water/water and conductive liquid/non-conductive liquid. Low-temperature experiments to vary thermal spin fluctuations and Brownian motion may be carried out at oil/oil interfaces without causing physical damage due to freezing. The initial emphasis on spherical and aspherical droplets, tubes and jets to investigate fundamental properties will eventually shift toward more complex geometries, including connected networks, concentric cylinders, linked tori and Möbius bands. These systems can be used to study inversion symmetry breaking, spin chirality selection and curvature effects \[[@B50-materials-13-02712],[@B51-materials-13-02712],[@B52-materials-13-02712]\] in 2D curved dipole-coupled systems from the perspective of artificial spin ice structures \[[@B41-materials-13-02712]\], topological states and spin wave propagation. Dipole-coupled systems have successfully been applied to resemble spin frustration of exchange-coupled materials \[[@B41-materials-13-02712]\]; theoretically predicted magneto-chirality effects \[[@B53-materials-13-02712]\] emerge from curvature and inversion symmetry breaking in exchange-coupled systems, and stabilize skyrmionic spin textures in e.g., spherical shells \[[@B54-materials-13-02712],[@B55-materials-13-02712]\]. It is highly interesting to determine the extent to which ferromagnetic liquids as a representative of curved dipole-coupled systems can resemble exchange-coupled magnetic materials in view of both static and dynamic properties.

5. Technological Perspective {#sec5-materials-13-02712}
============================

Technology-oriented applications of ferromagnetic liquid droplets take advantage of a controlled generation of local magnetic fields to promote adaptive directional tissue growth, and the structural and magnetic reconfigurability to design configurable optical components, functional microfluidic channels for particle, drug and cell transport, sensors and actuators ([Figure 7](#materials-13-02712-f007){ref-type="fig"}). Magnetically powered devices, such as electromagnetic coils, magnetic fluid seals and permanent magnet equipment, are typically fabricated from rigid, hard-condensed matter. The result is a magnetic field with a specific strength and spatial distribution. In this sense, ferromagnetic liquids open up an entirely new world of magnetic materials benefiting from mechanical and magnetic reconfigurability; for instance, 3D printed water-in-oil magnetic liquid tubules offer arbitrary shape (fluidity) and self-adaptive permanent magnetization (solidity), which benefit magnetic liquid actuators, non-contact liquid capsule delivery and other magnetically controlled devices in all-liquid environment.

Magnetically driven autonomous technology often relates to the parallelized and sequential operations with respect to actuators in medical diagnostics, non-contact delivery and chemicals synthesis \[[@B56-materials-13-02712],[@B57-materials-13-02712],[@B58-materials-13-02712],[@B59-materials-13-02712],[@B60-materials-13-02712],[@B61-materials-13-02712],[@B62-materials-13-02712],[@B63-materials-13-02712]\]. Reconfigurable ferromagnetic liquids representing magnetic liquid actuators and sensors, interact with the external magnetic field to exert translation and precession movement that can be facilitated in analogy to solid-state magnets. The magnetic field-sensitive patterning of superparamagnetic nanoparticles and of mixed phases of non-magnetic and superparamagnetic nanoparticles offers a mean to design adaptive optical components, such as refractive mirrors, diffractive, birefringent and chiral materials. The remanent magnetization of ferromagnetic liquid droplets may inspire all-liquid sensors, complementing functionality and application of conventional solid-state sensors based on e.g., Hall effect, giant magneto-resistance/impedance and giant stress-resistance/impedance. Tailoring ligand functionalization of aspherical nanoparticles and in-field printing of ferromagnetic liquids will enable manufacturing of tubules with azimuthal, longitudinal or radial magnetization with variable domain size and magnetic susceptibility/coercivity. The latter can be tailored by particles, such as Fe${}_{3}$O${}_{4}$, FePt, Co and Nd-based alloys, with different saturation magnetization, magneto-crystalline anisotropy and heterogeneous ligand functionalization to provide a homogeneous, periodically or locally varying distribution of particles, particle orientation and magnetic fields. Local variations are particularly interesting for actuators and sensors with complex geometries and multiple ranges of operation. While nanoparticles with increased saturation magnetization extend the range of operation toward larger fields due to increased magnetic anisotropy, they may also suffer from dipole attracting and aggregation in their dispersed state. Synthesis at elevated temperatures and larger electro-static repulsion between specimens could prevent this segregation. The overarching questions regarding magnetic sensing with ferromagnetic liquids is the detection of physical changes that is conveniently done by magneto-resistance measurements in exchange-coupled metallic materials. For these applications, electro-chemical plating using a porous alumina template and strain-engineering rolled-up nanotech facilitating intrinsic strain gradients have been employed \[[@B60-materials-13-02712],[@B61-materials-13-02712]\] and refined to synthesize nano-rods, nano-tubes and multi-segmented specimens \[[@B64-materials-13-02712],[@B65-materials-13-02712],[@B66-materials-13-02712],[@B67-materials-13-02712],[@B68-materials-13-02712],[@B69-materials-13-02712],[@B70-materials-13-02712]\] with variable diameter (\<50 nm), and microtubules with tailored magnetization configuration \[[@B71-materials-13-02712],[@B72-materials-13-02712]\] that achieve unprecedented sensitivity based on the giant magneto-impedance effect \[[@B73-materials-13-02712]\].

Remote tissue engineering harnessing optical, acoustic and magnetic fields has attracted much attention in the last decades. Examples range from initiating cell differentiation or material degradation, to assembling components for tissue organization, aligning cell and matrix fibers \[[@B74-materials-13-02712]\]. The directed regeneration of aligned collagen fibers \[[@B75-materials-13-02712]\] and oriented neural cells requires only small magnetic fields \[[@B76-materials-13-02712]\], which can be provided by ferromagnetic liquid constructs. The latter could be remotely positioned around the growing cells or organ tissues, either in the form of flowable magnetic emulsion droplets or individual integrated liquid tubule ([Figure 7](#materials-13-02712-f007){ref-type="fig"}a). Taking advantage of 3D bio-printing, matrices, such as hydrogel containing active stem cells, can be shaped along the ferromagnetic liquid scaffolds ensuring a magnetically aligned cell differentiation and proliferation. This is particularly appealing for blood vessels, cartilage and nerve tissue regeneration. The flexible, yet fragile ferromagnetic liquid structure can be supported by microfluidic devices with dual channels, branched or more complex tubular structures. The integration of both magnetic liquid scaffolds and cell culture matrix enables an adaptive growth of the magnetized tissue with high fidelity.

6. Conclusions {#sec6-materials-13-02712}
==============

Assembly and jamming of nanoparticles at liquid--liquid interfaces is a versatile platform to structure liquids with virtually arbitrary shape and solid-state properties. Their geometries can be reversibly configured by means of mechanical agitation, pH change of the dispersion or electric and magnetic fields. The latter requires a magnetic moment, which is provided by superparamagnetic nanoparticles transforming the original paramagnetic ferrofluid into a ferromagnetic liquid droplet. The structural transition from an interfacial 2D liquid state into a 2D jammed glassy state imposes similar magnetic constraints, i.e., dipole-coupled 2D spin glass materials with short-range order and a remanent magnetic moment. Given the close relation between structural and magnetic properties, magnetic characteristics of these droplets can be employed to explore assembly and jamming of nanoparticles at liquid--liquid interfaces, and study spin glass materials at 2D curved interfaces. In particular, we discussed magnetic characteristics of monolayer versus multilayer nanoparticle surfactants, and mixtures of magnetic and non-magnetic nanoparticles by means of numerical modeling and experiments harnessing magnetometry and hydrodynamics of field-driven droplet motion. These studies were followed by elaborating on the future role of numerical modeling and experimental characterization with x-ray, electron and neutron techniques at large-scale user facilities, as well as tabletop instruments. Based on our current understanding of ferromagnetic liquids, we identified future applications of all-liquid robotics for targeted drug delivery, remote tissue engineering and adaptive optics, taking advantage of controlled generation of local magnetic fields, remote control of translational and rotational motion and field-dependent nanopatterning, respectively. These technological applications will heavily rely on interdisciplinary research linking chemistry, physics, magnetism and bio-engineering.
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![3D printing of structured liquids. (**a**) Break-up length variation of an aqueous cellulose nanocrystals solution falling in toluene that contains PS-NH${}_{2}$ with different pH values. The Plateau--Rayleigh instability effect is greatly inhibited by the stronger electro-static attraction force between the polymer ligand and nanoparticles at lower pH. (**b**) 3D printing of nanoparticle surfactant-stabilized aqueous threads in a silicone oil. (**c**) Complex patterns can be printed into granular gel media by injection using microscale capillary tips. Scale bar is 10 mm. (**d**) DNA surfactants molded by the interfacial jamming of DNAS. Scale bar is 10 nm. (**e**) 3D printing of water in water construct stabilized by an elastic polyanion-polycation coacervate membrane. Scale bar is 5 mm. Figures adapted from References \[[@B4-materials-13-02712],[@B6-materials-13-02712],[@B27-materials-13-02712],[@B29-materials-13-02712],[@B30-materials-13-02712]\].](materials-13-02712-g001){#materials-13-02712-f001}

![Jamming of superparamagnetic nanoparticles at liquid--liquid interfaces. (**a**) Schematics of ferromagnetic liquid droplets structured by jammed nanoparticles (blue spheres) without and with dispersed nanoparticles (gray spheres), and with nanoparticle surfactants forming multilayers (gray spheres). (**b**) Structural short-range order of unjammed and jammed superparamagnetic nanoparticles visualized with transmission electron microscopy. Scale bar is 100 nm. (**c**) Magnetic hysteresis loops of jammed (ferromagnetic) and unjammed (paramagnetic) liquid droplets obtained by vibrating sample magnetometry.](materials-13-02712-g002){#materials-13-02712-f002}

![Functionalized magnetic nanoparticles for synthesizing ferromagnetic liquids. (**a**) Selection of iron oxide nanoparticle shapes: nanocubes, nanorings and nanowires, visualized with transmission electron microscopy. Scale bar (from left to right): 100 nm, 200 nm, 30 $\mathsf{\mu}$m. (**b**) Ligand functionalization of nanoparticles to promote interfacial assembly: 1A and 1B: ligand exchange reactions; 2: acylation of hydroxyl groups to prepare atom transfer radical polymerization (ATRP) surface initiators; 3A: surface-initiated ring opening polymerization of L-lactide; 3B: surface-initiated ATRP; 4: deprotection or additional reaction after polymerization; 5: grafting of end-functionalized polyethylene glycol (PEG) chains onto the nanoparticle surface using amidation chemistry. Figures (**a**,**b**) adapted from References \[[@B33-materials-13-02712],[@B34-materials-13-02712],[@B35-materials-13-02712],[@B39-materials-13-02712]\].](materials-13-02712-g003){#materials-13-02712-f003}

![Magnetization configuration of XY macro-spins jammed on a curved 2D spherical shell. (**a**) 3D view of remanent state of monolayer nanoparticle surfactants (Fe${}_{3}$O${}_{4}$: $Ø = 25$ nm, $M_{s} = 300$ kA/m, $T = 0$ K) stochastically positioned on sphere with mean distance of 30 nm (Fe${}_{3}$O${}_{4}$ plus ligand shell). Black arrows indicate direction and magnitude of tangential magnetization components. Color refers to polar angle of magnetization vector. (**b**) 2D view ($\phi$ vs. $\theta$) of remanent magnetization projected onto curved surface revealing magnetization reversal via vortex nucleation. Color highlights in-plane magnetization direction. (**c**) Magnetic hysteresis loops for entire magnetic system, and easy plane and hard axis regions. The in-surface anisotropy originates from magnetic dipole coupling between adjacent nanoparticles that manifests a remanent magnetic moment. (**d**) Spatial spin-spin correlation calculated for 2D system, i.e., not in 3D space, at various magnetic fields revealing magnetic short-range order at remanence (vortices and domains) and long-range order in the presence of external magnetic fields. (**e**,**f**) 2D views ($\phi$ vs. $\theta$) of remanent magnetization for trilayer nanoparticle surfactants demonstrating substantially weaker dipole coupling perpendicular to the interface and reduced in-surface anisotropy and magnetic order.](materials-13-02712-g004){#materials-13-02712-f004}

![Magnetic field-driven gyration of ferromagnetic liquid droplets. (**a**) Droplet rotates with angular frequency $\omega$ to align magnetic moment along the external magnetic field, driven at $\omega_{0} = 2\pi \times 5$ Hz. (**b**) Modeling of 1 $\mathsf{\mu}$L droplet revealing friction-dominated desynchronized gyration for insufficient torque, and a reduction of the time-averaged experimental value due to periodically altering acceleration. (**c**) Experimental data for multilayer nanoparticle surfactants consisting of various (Fe${}_{3}$O${}_{4}$)${}_{x}$:(SiO${}_{2}$)${}_{1 - x}$ nanoparticle mixtures showing two different regimes where angular acceleration increases and decreases. (**d**) Angular frequency for 1 $\mathsf{\mu}$L droplets with different *x*. (**e**) Growing multilayer and monolayer nanoparticle surfactants reveal monotonically increasing and constant angular frequency, respectively, both in experiment and modeling. Time $t = 0$ indicates droplet formation.](materials-13-02712-g005){#materials-13-02712-f005}

![Scientific perspective on ferromagnetic liquids concerning the correlation between structural and magnetic short-range order, and the link between fundamental and macroscopic properties. Advanced x-ray, electron and neutron techniques to probe assembly and jamming of nanoparticles on characteristic length and time scales will corroborate predictions retrieved from molecular dynamics, Monte Carlo and micromagnetic simulations. Local magnetometry and hydrodynamics studies will aid in assessing macroscopic properties.](materials-13-02712-g006){#materials-13-02712-f006}

![Technological perspective of ferromagnetic liquid droplets. (**a**) Adaptive directional tissue growth stimulated by magnetic fields of ferromagnetic liquids. (**b**) 3D printed ferromagnetic liquid components with arbitrary shape for magnetic-remote-controlled robotic devices.](materials-13-02712-g007){#materials-13-02712-f007}
